radii R obtained from what is probably the best earth-based data (3). The rootsmean-square value of R is approximately 2.5 km larger than that of both Rg and RT. The Ranger and Orbiter data (4) also seem to be sys-. tematically 2.5 km smaller than earthbased data.
The concentration of serotonin, a putative neurotransmitter in the mammalian central nervous' system, varies as 'a result of physiological changes in the availability of its precursor, tryptophan (1, 2) . Large parenteral doses of tryptophan rapidly increase the amount of serotonin in the brain (3) . Increases (4) or decreases (5) in dietary tryptophan over several weeks or more are associated with parallel alterations in brain serotonin. Tryptophan concentrations in plasma and brain (1, 2, 6) and serotonin concentrations in brain (7) undergo characteristic daily variations. If rats are injected with small amounts of tryptophan (less than one-twentieth of their daily dietary intake) at the time of day when tryptophan concentrations in the brain and -plasma are lowest, the serotonin in the brain' increases within about an hour (2) . Brain tryptophan also increases, but remains within the normal daily range (6) . The foregoing observations suggest that naturally occurring changes in plasma tryptophan (for example, in response to diet) could "drive" brain tryptophan concentrations, and that changes in the latter could, in turn, affect 'brain serotonin.
Administration or secretion of insulin lowers the concentrations of glucose and of most amino acids in the plasma (8, 9) . In contrast, tryptophan in plasma increases in rats injected with 3 insulin or given access to a carbohydrate diet (9) . Thus it might be anticipated that insulin would also increase the concentrations of brain tryptophan, and, ultimately, of serotonin. Very high doses of insulin have been shown to elevate brain' serotonin concentrations (10); however, because these doses also produced convulsions, the change in brain serotonin could have been due to abnormal neuronal activity, and not to enhanced concentration of tryptophan in the brain. We now show. that in rats the increase in plasma tryptophan after ingestion of carbohydrate or after injectign of subconvulsive doses of insulin is.accompanied by parallel increases in the concentrations of tryptophan and serotonin in the brain.
Male Sprague-Dawley rats (Charles River Laboratories) were housed five per cage, exposed to light (11) from 9 a.m. to 9 p.m. daily, and given free access to food (Big Red Laboratory Animal Chow, Agway) and water. At 9 p.m. on the evening before an experiment the rats were placed in clean cages and deprived of food. Between noon and 3 p.m. the next day, groups of seven animals were injected intraperitoneally with insulin (2 units of Iletin per kilogram of body weight, 40 unit/ml) diluted in water. During this interval other uninjected groups of ten animals were given free access to a protein-free diet composed largely of carbohydrates (12). Rats were decapitated 1, 2, or 3 hours after injection or exposure to the diet, and blood from the cervical wound was collected in heparinized tubes and centrifuged.
Plasma was frozen and subsequently assayed for tryptophan (13) , tyrosine (14) , and glucose (15) . The brains were quickly removed, bisected midsagittally, and frozen on Dry Ice. Onehalf of each brain was assayed for tryptophan (13) ,. and the other half was assayed for serotonin (16) . In no case did the levels of compounds measured in control animals at 1, 2, or 3 hours after the start of an experiment differ from those at zero time. Hence all comparisons between control and irisulin-treated rats were made with the zero-time control group as base.
As shown earlier (9), plasma tryptophan concentrations in rats receiving insulin were increased by 40 percent as compared to those of control animals (P < .01) 2 hours after injection 
, while plasma glucose de-1, 2, and 3 hours after the food was sed significantly (Fig. 1 ). Brain first presented. Tyrosine concentrations ?tophan and serotonin also increased in the plasma were depressed at all r insulin administration, and at-times (Table 1 ). Brain tryptophan coned, within 2 hours, values 36 per-centrations rose 22 percent during the t (P < .001) and 28 percent (P first hour, attained a peak 65 percent 01) above those of control animals above control values (P < .001) 2 g. 1). hours after food presentation, and re-?o determine whether the changes in mained significantly elevated at 3 hours n tryptophan and serotonin that (Table 1 ). Brain serotonin concentraowed insulin administration also tions also rose during the first hour, irred in response to the physiologi-but did not become significantly elesecretion of insulin, we examined vated (19 percent over control levels, ma tryptophan and brain trypto-P < .001) until 2 hours after the a and serotonin in ats that had initial presentation of food. They ren fasted and then allowed to eat mained elevated at 3 hours. otein-free, largely carbohydrate diet
In a second, similar experiment per-1, 2, or 3 hours. (This diet was formed with larger rats (260 g comin order to exclude a dietary pared to 160 g), plasma tryptophan ce of tryptophan.)
did not significantly increase until 2 the first experiments, the animals hours after food was presented, and about 5 g/hr during the first hour, then increased to only 10 percent above 2 g/hr during the second and control values. But plasma tyrosine hours. Tryptophan in the plasma, still decreased dramatically, reaching a ompared to that of control rats minimum (29 percent below control I at the 'beginning or the end of, values) after 2 hours. Brain tryptoexperiment, significantly increased phan steadily increased throughout the feeding period, and 3 hours after the fnr, wa nrePntPd it was 90 nprent above that in the controls. Brain serotonin significantly increased (25 to 27 percent above control, P < .001) at all three times examined. In this second experiment, the rats consumed about 8 g of food during the first hour, and 3 g during the second and third hours.
Thus the administration of insulin or the ingestion of a largely carbohydrate diet increases the amount of tryptophan in plasma and brain, but decreases the amounts of tyrosine ( Fig.  1 ) (Table 1 ) and most other amino acids in the plasma (9) . This increase in brain tryptophan is associated with a parallel increase in the concentration ) Brain tryptophan of brain serotonin. These effects are not due to severe hypoglycemia, since they occur in rats whose plasma glucose presumably is elevated by the consumption of a high-carbohydrate diet ( Table 1) . The results also cannot be attributed to glucagon secretion' because administration of glucagon does Brain serotonin not cause an increase in plasma tryptophan (9) . The source of the additional tryptoo I 2 3 4 phan in plasma after insulin adminis-
tration or secretion has not yet been Effects of insulin administration identified, nor has the mechanism by t/kg, intraperitoneally) on plasma which insulin increases brain tryptophan, blood glucose, brain trypto-phan been established. Insulin could and brain serotonin concentrations.
produce the latter effect in any of the s of six to ten rats were killed at following ways. (i) It may enhance intervals after insulin was adminVertical bars indicate standard thle diffusion of the amino acid along a of the mean.
concentration gradient as its plasma 1024 concentration rises. This is probably not the sole mechanism operating, since, in our experiments, the increases in concentrations of tryptophan in the brain tended to be greater than those in plasma.
(ii) It may decrease the proportion of plasma tryptophan that is bound to albumin (17) and thereby increase the size of the pool of diffusible, or free, tryptophan that presumably is in equilibrium with tissue tryptophan. (iii) It may exert a direct, stimulatory effect on the net uptake of tryptophan into the brain. (iv) It may cause the release of other factors or hormones (such as corticosterone) that might produce one or more of the above effects. Insulin also might increase the tryptophan in the brain by decreasing the utilization of the amino acid. This hypothesis is not supported, however, by the evidence (10) (Fig. 1 ) that the concentration and turnover of serotonin, a major tryptophan product, increases in brains of animals receiving insulin. These increases in brain serotonin most likely reflect an acceleration in its synthesis (1, 2, 18) . As the concentration of brain tryptophan rises, the percent saturation of tryptophan hydroxylase, the enzyme that catalyzes the initial step in serotonin biosynthesis (19) , probably also increases. Fig. 2 . Proposed sequence describing the mechanism by which food consumption elevates brain serotonin concentration in the rat. The carbohydrate, protein, and, probably, fatty acid (20) constituents of the diet elicit insulin secretion; this causes an increase in plasma tryptophan (9) (Fig. 1) ; dietary protein also elevates plasma tryptophan by directly contributing to it (21) . The carbohydrate-induced increase in plasma tryptophan causes a parallel rise in brain tryptophan (2) (Fig. 1) , thus enhancing the substrate saturation and the activity (19) of the tryptophan hydroxylase in serotonin-producing neurons (22) . The rate of serotonin synthesis is thereby accelerated, ultimately raising the concentration of serotonin in the brain.
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I- This enzyme has an unusually high Km (Michaelis constant) [3 X 10- 4 M (19)1 for tryptophan, and therefore its activity in vivo probably depends on the concentration of tryptophan. If our measurements of tryptophan concentrations in whole brain are indicative of those actually within sero{onin-producing cells, then theincrease in brain tryptophan produced by insulin would be of sufficient magnitude to cause a considerable acceleration in serotonin synthesis. In support of this hypothesis, we have shown (2) . that small increases in tryptophan concentration in brain which. occur after the injection of 12.5 mg of tryptophan per kilogram of body weight also cause significant elevations in brain serotonin (2) .
Since almost any food that the rat might consume would probably elicit insulin secretion and thereby elevate plasma tryptophan, our observations ·suggest the sequential relation between food consumption and brain serotonin content described in Fig. 2 . Carbohydrates, proteins, and, probably, fats (20) elicit insulin secretion in various mammalian species; dietary proteins would also be expected to raise plasma tryptophan by a direct contribution (21) . It remains to be determined whether plasma and brain tryptophan, and brain serotonin, are also elevated in rats consuming diets other than pure carbohydrate.
Serotonin-containing neurons apparently participate in the control of a variety of behavioral and neurovisceral functions, including sleep, thermoregulation, motor activity, food consumption, and the secretion of hormones from the anterior pituitary gland.. The increase in brain serotonin that occurs in rats given tryptophan appears to be highly localized to these serotonin-containing neurons (22) . 'If the insulin-induced changes in brain serotonin content are, in fact, associated with alterations in the input-output characteristics of serotonin-containing neurons, then the sequence described in Fig. 2 
